Introduction
Over the last few years, broadband sources near 2 µm have attracted the attention of many researchers. A broadband source at 2 µm demonstrates many useful characteristics, including high output power, high light brightness, good beam quality, compact structure and excellent spatial coherence. These characteristics make broadband sources at 2 µm suitable for use in a number of significant applications, such as remote sensing, gas sensing, medical surgery, materials processing and atmospheric lidar measurement [1] [2] [3] [4] [5] [6] . In addition, high power and wideband sources are required in optical coherence tomography and fiber optic gyroscopes [7, 8] . One effective way to generate this broadband source is by using the process of amplified spontaneous emission between 3 F 4 -3 H 6 transition in thulium-doped fiber. High broadband source efficiency can be obtained via diode pumping on the transition 3 H 6 → 3 H 4 in combination with high concentration of thulium-doped silica fiber in order to take into account the cross-relaxation process [9, 10] . Alternatively, the need for high doping concentrations can be avoided by using an in-band pumping scheme, which directly excites the upper laser level on the transition 3 H 6 → 3 F 4 . Nevertheless, high efficiencies can be achieved because of the much lower quantum defect associated with this pumping scheme [11] . However, in spite of the progress in the performance of thulium broadband sources the efficiency is still below those routinely provided from conventional thulium fiber laser oscillators. In order to get higher output power and broader spectra, different pump configurations have been proposed for Erbium doped fiber [12, 13] however no systematic study has been done for Thulium doped fiber yet.
To better optimize the broadband source performance near 2 µm, it is necessary to develop a theoretical modeling and perform simulations. There are relatively few theoretical studies on ASE sources based on thulium-doped fiber (TDF) [14, 15] . Hence, this paper proposes an ASE source modeling for both the single-pass forward (SPF) and double-pass bi-directional (DPB) configurations. We numerically investigate and compare ASE broadband source from 1570nm pumping scheme with that 793nm pumping scheme. Our model considers the cross-relaxation process until in case of 1570nm pumping scheme and this is the first time to our knowledge that taking into account this transition at 1570nm pump wavelength in generation of ASE source near 2 µm. Figure 1 and 2 illustrate the schematic diagrams of the ASE source using pump configurations in SPF and DPB schemes, respectively. In Fig. 1 , both output ends are employed to angle-polished facet. In Fig. 2 , a flat cleave is putted to extract ASE power from the end opposite the output end while angle-polished facet is employed at output end of the fiber.
In the DPB configuration, a single-ended operation is obtained by making the reflectivity of one end much higher than the other. At the same time, the product of the twoended reflectivity should be low enough to suppress parasitic lasing [16, 17] . The relationship between the reflectivity of both ends and ASE output powers are described by the following equation:
Here P 1 and P 2 represent the ASE output power of end 1 and 2, respectively. R 1 and R 2 are the effective feedback reflectivity at end 1 and 2, respectively. The end 1 is opposite to the ASE output end 2. Fig. 1 . A schematic of the ASE source using a single pass forward (SPF) pump configuration. 
Modeling of ASE generation
A theoretical model of ASE generation using SPF and DPB pumping schemes are presented. The investigation into ASE spectral power is achieved by solving the rate and propagation equations. Figure 3 shows the four lowest energy manifolds of trivalent thulium ions which contain 1570nm and 793nm pumping transitions. According to the chosen pumping scheme, a separate numerical model is constructed. The model takes into account the wavelengthdependent absorption and emission cross-sections for the single and dual pump configurations. 
1570nm pumping scheme
Based on Jackson [18] and including ASE and the crossrelaxation transitions [19] , the rate equations of thulium energy levels are established as the following: 
Where C is the cross-relaxation process and is given by: 
Here λ p is the wavelength of the pump light and λ s is the signal light in vacuum; h is the Planck constant; c is the light speed in vacuum; A core is the cross-section area of the fiber core; σ a (λ p ) and σ a (λ s ) are the absorption crosssections of the pump light and the signal light, respectively; σ e (λ p ) and σ e (λ s ) are the emission cross-sections of the pump light and the signal light, respectively; P ± (z) is the pump (corresponding to forward and backward) at position z; ASE + (z) and ASE -(z) are the forward and backward amplified spontaneous emission powers at position z; Γ p and Γ s are the confinement factors for the pump and the signal, respectively which are given by Eq. 10 [20] . 
where w is the mode-width parameter of the fiber and a is the fiber core radius. The normalized frequency V of the fiber is given by:
As V > 1.5 the mode-width parameter w of a step-index fiber can be determined by the normalized frequency V of the fiber as:
Meanwhile, the pump power distribution along the fiber length can be expressed by the following propagation equation:
The positive sign in (13) relates to the forward direction and the negative sign to the reverse direction. The distribution of the ASE forward and backward powers along the fiber length can be established as follows [1, 15, 21] :
Where α p is the pump intrinsic absorption and α s is the signal intrinsic absorption for the thulium-doped fiber; ∆λ is the bandwidth of the ASE near 2 µm.
793nm pumping scheme
The general rate equations for the thulium energy levels at any point along the length of the fiber are given by [18] :
The pump distribution can be established as follows:
Note that the positive sign refers to the reverse direction and the negative to the forward direction. The term expressions of w s01 , w s10, ASE + and ASE -can be taken from 1570nm pump model.
In a steady state condition, the time derivatives of equations (2) to (4) for the 1570nm model and (15) to (17) for the 793nm model are set to zero. The fourth-order of Runge-Kutta method is applied to solve the differential equations of the pump and the ASE signals under the boundary conditions in Table 1 . A relaxation method is used to solve the boundary conditions and to achieve the accuracy of less than 0.01% for the pump and the ASE powers [22] . The length of thulium-doped fiber (L) is divided into N segments along the z-direction. The values of the pump power and the ASE power propagating at both ends in the first segment (segment 0) are selected under the initial condition shown in Table 1 . The power for the pump, the forward ASE and backward ASE at one end of a segment are applied as the input for the next segment until the last segment. 
Model validation and verification
We compare our numerical results with the published experimental measurements in order to evaluate the accuracy and versatility of our model. We use a similar dual pump configuration to that in [23] which used a 791nm/1560nm dual pump scheme. As same with the experimental configuration, we use a commercial 50-cm long TDF (OFS TmDF200) pumped in bi-directional pumping configuration by two 250-mW pumps. For a fair validation, we use the same pumped wavelengths at 1560nm and 791nm. In addition, we take the influence of WDM couplers loss used in the experimental work. The actual pump powers launched into TDF are 230mW using a 791nm pump and 210mW using a 1560nm pump due to 0.3dB and 0.8dB loss of WDM couplers at these wavelengths. The only assumptions in the simulation are that the values for the intrinsic absorption at signal wavelengths and the isolator insertion loss. Figure 4 illustrates the ASE spectra of the numerical simulation and the experimental measurements. In our simulation, we used 14 different wavelengths between (1650nm-2000nm). We have chosen these values according to the emission cross-section spectra [23] and the available experimental data. It is clearly seen a good agreement is achieved between the numerical and the experimental results with small variations due to the above assumptions. These give confidence on the proposed modelling and numerical simulations. 
Results and discussion

Single pass forward pumping configuration
A single-pass forward pump configuration is investigated with the reflectivity of both end equal -55 dB (R 1 =R 2 =3.16×10 -6 ) [1] . The design parameters used in our analysis are based on silica and were borrowed from Agger et al. [24] , as summarized in Table 2 , where the authors have measured all parameter values including the absorption and emission cross-section of the considered fiber, which is called Tm1. [18] A MATLAB program was developed to evaluate the optimum thulium-doped fiber length for the 1570nm and 793nm pumping schemes. Figure 5 and 6 illustrate the theoretical prediction of the forward and backward ASE power and the residual pump power along a fiber length at 1570 and 793nm pumped wavelength, respectively. The pump power for both pump wavelengths is set to 500 mW, the fiber length equals 0.95m and 0.35m at 1570nm and 793nm pumped wavelength, respectively. The output ASE wavelength selected at 1840nm. The results show that the pump power distribution decreases along the fiber due to absorption and loss of the fiber until approach zero at a position of 0.9m at 1570 pumped wavelength and 0.3m at 793nm pumped wavelength. Moreover, the backward ASE is more powerful than the forward ASE as more than 30 mW is obtained compared to 19.5 mW in forward ASE for pump wavelength at 1570nm. In contrast to 0.27 mW and 0.38 mW in forward and backward ASE, respectively at pumped wavelength of 793nm. As a result, we notice that pumping at 1570nm is more powerful and efficient than at 793nm to build ASE broadband sources. In addition, the backward ASE should carry most of the output power as previously reported in [14] . Power distribution along the thulium fiber length for the pump, the forward ASE, and the backward ASE at 1570nm pumped wavelength. Fig. 6 . Power distribution along the thulium fiber length for the pump, the forward ASE, and the backward ASE at 793nm pumped wavelength.
The output forward and backward ASE power as a function of TDF length is shown in Fig. 7 for 500 mW pumping at 1570nm and the signal wavelength at 1840nm. The output power increases rapidly with TDF length, and reaches the maximum value. The important point for output power consideration is to have a TDF length exceed the maximum value for a given pump power. Shorter or longer TDF length is an apparent disadvantage because of the lower output power. Thus, a 0.8m is the optimal TDF length to generate maximum ASE source at forward and backward. Figure 8 shows the forward and backward output power spectra of ASE for a 0.8 m TDF fiber length under the 500 mW pump power. The bandwidths of forward and backward ASE have full-width half maximums (FWHM) of 72 nm and 95 nm, respectively. The backward ASE has broader bandwidth than the forward ASE. In additional, high ASE power can be produced when the wavelengths are near the center of the emission cross-section curve of thulium-doped silica fiber. We also investigate the effect of cross relaxation process in generation of ASE source pumped at 1570nm. Figure 9 shows the calculated ASE output at 1840nm wavelength under different input pump power with and without CR at a fiber length of 0.8. It is observed that for the same total pump power the maximum broadband ASE source should be reduced when considering CR. CR transition reduces the power efficiency of ASE source and this reduction will be larger at heavily thulium concentration. The reason is that the inverse cross relaxation K 1310 acts to reduce the population inversion by transferring the Tm +3 ions from the upper energy level 3 F 3 to the ground energy level 3 H 4 [19] . Thus, it is necessary to avoid the selection of TDF with heavily levels of Tm 3+ ions concentration. The last parameter in our investigation is the effect of spontaneous life time of the metastable level (τ1). We choose different values of τ1 and intentionally fixed the other parameters in our simulation to focus only in the effect of the host material. Figure 10 shows the dependence of ASE 
Double pass bidirectional pumping configuration
As a first step, we have optimized the single pass forward pumping configuration. Our investigation now deals with a double-pass bi-directional pumping scheme in order to increase both ASE power and spectra bandwidth. Within this configuration, we use 1570nm/1570nm DPB pumping scheme with each pump power of 0.25W and longer τ 1 at 650µsec. In addition, a 4% reflectivity is arranged in the opposite end of the output end (R 1 =4%) and polished angle facet in the output end (R 2 =3.16×10 -6 ). This 4% reflectivity is sufficiently low to prevent the parasitic lasing over the using pump power. Figure 11 illustrates the ASE spectrum of DPB pumping configuration under different TDF length. It is clearly seen that a 0.6m is the optimal fiber length at DPB scheme pumped at 0.5W. The reflectivity of 4% at DPB pumping scheme is enough to increase ASE power more than three times of the SPF configuration and also broadening the bandwidth to higher than 110nm. Figure 12 shows the variation of ASE output power with input pump power at 1840nm signal wavelength. The pump power threshold should be reduced at DPB configuration. In addition, the ASE output increases almost linearly after 0.3 W. 
Conclusion
In summary, we have investigated the generation of a broadband ASE near 2 µm for a thulium-doped silica fiber with single-pass and double-pass bi-directional pumping schemes. We have presented a theoretical model of 2 µm ASE generation for thulium-doped fiber pumped at 1570nm and 793nm. A broadband ASE source performance is investigated by solving a set of rate and propagation equations for 1570nm and 793nm pumping transitions. The influence of cross relaxation effect is taken into account for both pump schemes. The model has been validated with previous experimental work. A good agreement has been achieved between our numerical findings and the experimental results, which gives confidence on the numerical simulations.
We have numerically compared ASE broadband source performance for single pass forward pumping scheme using 1570nm and 793nm. Our investigation shows that ASE power generation from 1570nm is more powerful than 793nm with same conditions. Also, it is clearly seen that backward ASE should carry most of the output power.
CR transition reduced the power efficiency of ASE source and this reduction is larger for higher thulium ions concentration. The inverse cross relaxation K 1310 acts to reduce the population inversion by transferring the Tm +3 ions from the upper energy level 3 F 3 to the ground energy level 3 H 4 [19] . Thus, it is necessary to avoid the selection of heavily doped TDF. In addition, ASE power should be increased and threshold pump power reduced with longer spontaneous lifetime of metastable level so we have selected a host material with longer lifetime.
In the case of DPB, we have simulated several fiber lengths to maximize the ASE power. Our finding shows that 0.6m is the optimized fiber length for DPB pumping schemes. In addition, DPB configuration offers considerable high ASE power and wider spectrum bandwidth. The proposed ASE source design. Hence, is more suitable for applications that require high ASE power and broaden spectral bandwidth such as optical coherence tomography.
